The present study was performed on Mg-based alloys containing Zn and Mn. The alloys were cast in a permanent metallic mold preheated to 200 ∘ C and with a protective atmosphere of dry air, CO 2 , and SF 6 . Two main phases are observed in the as-cast condition: Mg-Al-Zn and Mn-Al intermetallics. The size and morphology of the Mg-Al-Zn phase are significantly affected by the concentration of Al. Tensile properties, using standard ASTM B-108 samples, are directly related to the size, morphology, and density of the existing phase particles. The alloy ductility is reduced with increase in the Al concentration, whereas the ultimate tensile strength and the yield strength are more or less stable. The fracture surface of the tested tensile bars is mostly ductile for low Al-containing alloys and tends to be brittle with the increase in Al content as evidenced by an increase in the density of cleavage ruptured areas.
Introduction
Commercial Mg-based alloys normally contain 3-13% aluminum, 0.1-0.4% Mn, and 0.5-3% Zn. The AZ series (e.g., AZ63, AZ92, AZ31, and AZ61) is normally used in sand castings and die castings as well as extrusion. The M1 alloy (Mg alloy with 1% Mn) is applied for castings that require low strength or welding [1] [2] [3] [4] [5] . The influence of additives in commercially available magnesium alloys (AZ31, AM50) on their microstructure and mechanical properties has been investigated [6] [7] [8] .
Yamashita et al. [9] studied the mechanical properties of magnesium and its alloys subjected to heavy plastic deformation. Pure Mg and Mg alloys have limited ductility at ambient temperature. Magnesium alloys may be considered for aeronautical applications due their high mechanical properties provided by a fine-grained structure [10] . High strength coupled with high ductility at room temperature is achieved by grain refinement. Furthermore, fine-grained magnesiumbased materials exhibit superplastic behavior at high strain rates (≥10 −1 s −1 ) or low temperatures (≤473 K). The present study was aimed at understanding the effect of increasing Al and Mn in Mg-based alloys on their microstructure and tensile properties. Fracture surfaces of selected tensile bars were examined to arrive at a better understanding of alloy failure mechanism.
Experimental Procedure
It should be mentioned here that throughout the text all elements are given in wt%. Table 1 shows the chemical composition of the experimental alloys used in the present study. Pure Mg, Al, and Zn were used as base metals. Manganese was added in the form of Al-25 wt% Mn master alloy. The Mg alloy was held at 720 ∘ C to prepare the alloys shown in Table 2 . Melting was carried out in an Fe crucible of 25 kg capacity. The crucible was placed in an electrical 2 Advances in Materials Science and Engineering resistance furnace. The surface of the molten alloys was protected from oxidation using a special gas (a mixture of dry air (78% N 2 and 22% O 2 ), CO 2 , and SF 6 ). The liquid alloy was mechanically stirred for 5 minutes at 120 rpm prior to casting in a metallic mold preheated at 200 ∘ C (Figures 1(a) and 1(b) ). The casting was mainly used for microstructural characterization as well as chemical analysis. Another set of castings was made using a standard ASTM B-108 mold (made of cast iron) to produce tensile bars (Figures 1(d) (i) and 1(d)(ii)). The mold was preheated at 500 ∘ C whereas the molten alloy was poured at 720 ∘ C. In both cases the solidification rate was more or less the same as inferred from measuring the alloy grain size. Figure 1 (c) shows the procedure followed to measure the grain size.
Microstructures were examined by means of a Leica DM LM optical microscope. The grain-size measurements were carried out using a Clemex image analyzer in conjunction with the optical microscope. The grain size was obtained from the average of 200 measurements taken over 20 fields (10 measurements per field) at 100x magnification for each alloy sample. Phase identification was carried out using an electron probe microanalyzer (EPMA) in conjunction with energy dispersive X-ray analysis (EDX) and wavelength dispersive spectroscopic analysis (WDS) where required, integrating a combined JEOL JXA-8900l WD/ED microanalyzer operating at 20 KV and 30 nA, where the size of the spot examined was ∼2 m.
The tensile test bars were pulled to fracture at room temperature at a strain rate of 4 × 10 −4 s −1 , using an MTS servohydraulic mechanical testing machine. A strain gauge extensometer (with a 50.8 mm range) was attached to the test bar to measure percentage elongation as the load was applied. The tensile properties of each alloy condition were represented by the average yield stress (YS) at 0.2% offset strain, ultimate tensile strength (UTS), and fracture elongation (%El) values, which were calculated from five tested tensile bars.
The fracture surface of selected samples was examined using the Hitachi Cold FE SU-823000 SEM. Fracture surface analysis aims at investigating the nature of the fracture for selected samples and identifying the main source of cracking and fracture for these alloys. Samples for SEM examination were prepared from the tensile-tested specimens by sectioning them 1 cm immediately below the fracture surface and mounting them carefully for subsequent fracture surface examination.
Results and Discussion
The distribution of the Mg-phase particles in the present alloys is shown in Figure 2 . When Al is about 4%, only traces of Mn-Al phase [11, 12] can be observed, in the A alloy ( Figure 2 Figure 4 that the surface fraction of the Mg-Al-Zn phase increased from about 0.3 to 11 wt% with the increase in the Al concentration from 4 to 14 wt%. Also, the standard deviation is less than 7% indicating the uniform distribution of this phase throughout the matrix regardless of the aluminum content. Figure 5 illustrates the distribution of Al, Zn, and Mn in the C and E alloys. As can be seen, over the aluminum range of 7 to 14 wt%, both Al and Zn are distributed uniformly within the Mg-Al-Zn phase particles. The Mn-Al phase appears in the form of scattered particles away from the Mg-Al-Zn phase particles (see white circled areas). Table 2 shows the grain size has not been significantly affected by the increase in the aluminum content.
The stress-strain curves obtained from the five studied alloys are shown in Figure 6 (a). It is evident that the alloy with low aluminum content, that is, 4% (the A alloy), achieved the maximum ductility (approximately 16%) which is very close to pure Mg [16] . With the increase in the concentration of Al and the corresponding increase in the amount of Mg-phase particles, both YS and UTS parameters revealed degradation reaching minimum at 11 wt% Al. In contrast, % elongation increased more or less linearly with the increase in the added amount of Al [17] . The variation in the alloy ultimate tensile strength (UTS) is not, however, proportional to the amount of the added Al. The UTS reaches its maximum level at 7% Al (B alloy) followed by gradual decrease with the increase in the Al percentage up to 11%, broken line #2. The %El revealed a marked decrease with the increase in aluminum content compared to the other two tensile parameters. The decrease in %El exhibited an exponential trend as shown by the broken line #3 in Figure 6 (b). The present data are comparable with those obtained by Guangyin et al. [13] for the SJTU-HM1
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(a rare earth-containing Mg-5%Al-0.9%Zn-0.71%Si-0.4%Sb-0.2%RE alloy) and AE42 alloys investigated by them and which showed superior ductility to that of the AZ91 alloy tested at room temperature. It should be mentioned here that neither Sb nor rare earth metals were added to the present alloys. The quality of aluminum alloy castings may be expressed numerically. Drouzy et al. [18] first proposed the following equation:
Advances in Materials Science and Engineering where is the quality index in MPa, UTS refers to the ultimate tensile strength in MPa, %El is the percentage elongation to fracture, and is a constant of 150 MPa for Al7%Si-0.4%Mg alloys. Figure 7 (a)) caused by coalescence of microporosity due to the alloy high ductility along with secondary cracks (marked 1 in Figure 7(b) ). Some scattered particles of Mn-Al phase can also be seen in Figure 7 by the addition of Al, the fracture surface of B alloy shown in Figure 8 (a) displayed a mixture of fine dimples, marked 1 corresponding to the precipitation of Mg-Zn-Al phase particles, together with large flat fracture areas corresponding to the Mg matrix, marked 2. Figure 8(b) shows the presence of both types of intermetallics, that is, Mg-Zn-Al (marked 1) and Mn-Al (marked 2).
The fracture surface of C alloy is shown in Figure 9 (a) revealing the presence of particle cleavage covering most of the fracture surface. It should be mentioned here that the C alloy (9 wt% Al) exhibits only about 5.4% elongation (Figure 6(a) ). Considering such a brittle alloy, it is expected that the crack would propagate very fast across the entire crosssection along the grain boundaries (intergranular fracture) as illustrated in Figure 9 (b). The transition from transgranular (ductile alloys) to intergranular type becomes more evident with marked decrease in the alloy ductility as presented in Figures 9-11. 
Conclusions
Based on the results obtained from this study, the following conclusions could be drawn: Table 1 Figure 6 aluminum. The transition from ductile fracture to a brittle one takes place when the Al concentration exceeds 9%.
